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a  b  s  t  r  a  c  t
DNA  polymerase  epsilon  interacts  with  the  CMG  (Cdc45-MCM-GINS)  complex  by Dpb2p,  the  non-
catalytic  subunit  of DNA  polymerase  epsilon.  It is postulated  that  CMG  is  responsible  for targeting  of  Pol
 to  the leading  strand.  We  isolated  a mutator  dpb2-100  allele  which  encodes  the  mutant  form  of  Dpb2p.
We  showed  previously  that  Dpb2-100p  has  impaired  interactions  with  Pol2p,  the  catalytic  subunit  of  Pol
. Here,  we present  that  Dpb2-100p  has  strongly  impaired  interaction  with  the Psf1  and  Psf3  subunits
of  the GINS  complex.  Our  in  vitro  results  suggest  that  while  dpb2-100  does  not alter  Pol  ’s  biochemical
properties  including  catalytic  efﬁciency,  processivity  or proofreading  activity  –  it moderately  decreases
the  ﬁdelity  of  DNA  synthesis.  As  the in  vitro results  did  not  explain  the  strong  in vivo  mutator  effect  of
the  dpb2-100  allele  we  analyzed  the  mutation  spectrum  in  vivo.  The  analysis  of the  mutation  rates  in the
dpb2-100  mutant  indicated  an  increased  participation  of the  error-prone  DNA  polymerase  zeta  in  repli-
cation.  However,  even  in the  absence  of  Pol   activity  the  presence  of  the  dpb2-100  allele  was  mutagenic,
indicating  that  a signiﬁcant  part  of  mutagenesis  is  Pol  -independent.  A  strong  synergistic  mutator  effect
observed  for  transversions  in  the  triple  mutant  dpb2-100  pol2-4  rev3 as  compared  to  pol2-4  rev3  and
dpb2-100 rev3  suggests  that  in  the  presence  of  the  dpb2-100  allele  the number  of  replication  errors  is
enhanced.  We  hypothesize  that  in  the dpb2-100  strain,  where  the  interaction  between  Pol  and  GINS  is
weakened,  the  access  of  Pol   to  the  leading  strand  may  be increased.  The  increased  participation  of  Pol
  on the leading  strand  in  the  dpb2-100  mutant  may  explain  the synergistic  mutator  effect  observed  in
the  dpb2-100  pol3-5DV  double  mutant.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Spontaneous errors arising during DNA replication are one of
he main sources of mutations in genomic DNA. Those can have
oth positive and negative consequences, being, on one hand, the
ource of diversity required for evolution and on the other the cause
f inherited disorders.
The assembly and activation of the replisome take place at
eplication origins and they are complex and tightly controlled
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processes. The most widely accepted model of the replication fork
assumes that once DNA synthesis has been initiated, the work at the
replication fork is divided mainly among three DNA  polymerases
[1,2]. Pol  is responsible for the synthesis of short RNA–DNA
primers. Pol  and Pol  extend those primers on the leading and
lagging strands, respectively [3–11]. An alternative model assumes
that Pol  performs the replication of the leading strand near the
replication origins but then is replaced by Pol  that completes the
replication [12].
Pol  is a four-subunit complex consisting of Pol2p, Dpb2p,
Dpb3p and Dpb4p ([13–18]; reviewed in [19,20]). Two  sub-
units, Pol2p and Dpb2p, are essential [14,21]. Pol2p has the DNA
polymerase and the 3′ → 5′ exonuclease activities located in the
N-terminal domain while its C-terminal domain carries conserved
zinc-ﬁnger motifs [22,23]. The C-terminal part of Pol2p is essen-
tial for yeast viability, whereas the N-terminal part is dispensable
[24–26]. Dpb2p plays a crucial role during the initiation of DNA
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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eplication ([14,27–29]; reviewed in [30,31]). It has been estab-
ished recently that the interaction between Dpb2p and Psf1p, a
ubunit of the GINS complex, is required for the assembly of the
MG  helicase during the initiation of DNA replication and helps to
ntegrate Pol  into the replisome [28,29,32,33]. Additionally, it was
hown that Dpb2p interacts also with Psf3p [33]. Dpb3p and Dpb4p
re not essential but have been shown to be involved in the Pol 
inding to dsDNA and to improve its processivity [34–37].
In the budding yeast Pol  consists of three subunits: Pol3p,
ol31p and Pol32p [38]. Pol3p has the DNA polymerase and the
′ → 5′ exonuclease activities [39], while Pol31p is an essential
ubunit which stabilizes the holoenzyme and binds the third,
onessential Pol32 subunit [38].
It has been suggested that in conditions that render the repli-
ome unstable, for example due to mutations in replication-related
enes, the main replicase may  be replaced by an error-prone DNA
olymerase such as Pol  [40], which has low processivity and no
′ → 5′ exonuclease activity [41]. Pol  has been proposed as the
ourth polymerase at the replication fork, the access of which to
he 3′-OH primer terminus would remain highly controlled [12].
nitially, Rev3 and Rev7 were considered as the only components
f DNA Pol  [41]. However, the two non-catalytic subunits of Pol ,
ol31 and Pol32, were recently found to form a complex with Rev3
nd Rev7 [42,43]. This suggests that the two subunits common to
ol  and Pol  may  facilitate the exchange between the two poly-
erases at the replication fork [44,45]. Because Pol  is very efﬁcient
n extending primer termini, it could take over replication when the
ain replicase has a problem with primer extension. Such a poly-
erase switch may  result in so-called defective-replisome-induced
utagenesis (DRIM) [46].
It is well established that mutations in catalytic subunits of
eplicases can affect the level of spontaneous mutagenesis, but
he role of non-catalytic subunits in this process remains unclear.
 few years ago we found that Dpb2p, a non-catalytic subunit
f DNA Pol , is important for faithful replication of genomic
NA [47,48]. It has been established that the C-terminus of
pb2p is important for its interaction with Pol2p [49]. Isolated
n our laboratory dpb2 mutants exhibit temperature-sensitivity
nd mutator phenotype [47,48]. We  observed a strong syner-
istic mutator effect between the mutant alleles of DPB2 and
sh6 mutation suggesting that dpb2-dependent errors aris-
ng during DNA replication are substrates for mismatch repair
ystem.
able 1
east strains used in this study.
Name Genotype 
YRT1 MATa prc1–407 prb1–1122 pep4–3 leu2 trp1 ura3–52
Y190 MATa trp1-901 his3-200 leu2-3,112 ura3-52 ade2-101
LYS2::GAL1UAS-HIS3-TATA box-HIS3 URA3::GAL1UAS-
I(-2)I-7B-YUNI300 MATa CAN1 his7-2 leu2::kanMX4 ura3 trp1-289 a
SC91  As I(-2)I-7B-YUNI300 but DPB2::pKF120 (DPB2 CaU
SC94 As SC91 but pol2-4 
SC146 As I(-2)I-7B-YUNI300 but dpb2::pKF117derivative (dp
SC148 As SC146 but pol2-4 
SC228 As SC91 but DPB2::pKF120-CaURA3-HIS3 
SC234 As SC146 but dpb2::pKF117derivative -CaURA3-HIS
SC377 As SC91 but rev3::LEU2 
SC378 As SC94 but rev3::LEU2 
SC381 As SC146 but rev3::LEU2 
SC382 As SC148 but rev3::LEU2 
SC641 As YRT1 but [pMG29 (DPB2 URA3)] 
SC673  As SC641 but dpb2::kanMX4 [pMG29 (DPB2 URA3)]
SC674  As SC673 but [pMG30-000 (DPB2 LEU2)] 
SC675  As SC673 but [pMG30-100 (dpb2-100 LEU2)] 
SC793, SC794 As SC91 but rnh201-::HPH 
SC795, SC796 As SC146 but rnh201-::HPH 
SC228  pol3-5DV As SC228 but pol3-5DV 
SC234  pol3-5DV As SC234 but pol3-5DV air 29 (2015) 23–35
In the current study we investigated the mutator phenotype of
the dpb2-100 allele (L284P, T345A). Using an in vitro approach we
analyzed whether the mutated Dpb2-100 subunit could directly
affect the enzymatic properties of Pol , such as its catalytic efﬁ-
ciency, processivity or ﬁdelity. Additionally, we  show that Pol 
complex isolated from the dpb2-100 strain contains substoichio-
metric amounts of the Dpb2 subunit. However, the reduced content
of Dpb2p does not affect the processivity, exonuclease activity or
binding to DNA by Pol . A moderate decrease of the ﬁdelity of DNA
synthesis by Pol  containing a reduced amount of Dpb2-100p has
been observed under conditions of an imbalanced ratio of dNTPs.
We also analyzed in vivo the rates and speciﬁcity of errors arising
in dpb2-100 mutant strain. We  conﬁrmed an increased partici-
pation of Pol  in DNA replication in the dpb2-100 mutant [50].
However, even in the absence of Pol  activity (in rev3 strains)
the presence of the dpb2-100 allele elevates the mutation rate, indi-
cating that a signiﬁcant part of mutagenesis is Pol -independent.
Based on a strong synergistic effect between the dpb2-100 and pol2-
4 defects observed for the rate of particular types of CanR mutations,
we postulate that both the dpb2-100 and pol2-4 alleles inﬂuence
mechanisms, which compete for the same replication errors.
Assuming that the interaction between Pol  and CMG  complex
is important for proper functioning of the replisome [32] we tested,
using two-hybrid system, the interaction between Dpb2-100p and
Psf1 or Psf3 subunits of the GINS complex. We  found that the pres-
ence of the dpb2-100 mutant signiﬁcantly decreases the interaction
of Dpb2p with Psf1p and Psf3p.
Finally, a synergistic mutator effect of the dpb2-100 and the pol3-
5DV (Pol  with inactive proofreading) alleles may  suggest that in
the dpb2-100 strain the Pol  holoenzyme may participate in the
leading strand replication correcting errors made by Pol  and/or
by low ﬁdelity Pol .
2. Materials and methods
2.1. Media and strains
Yeast were grown in standard media [51]. Yeast complete
medium was  prepared as described [33,47]. The yeast strains
used in this study are listed in Table 1. Strains for Pol  puriﬁ-
cation were derived from a protease-deﬁcient yeast strain YRT1
with the DPB3 gene replaced with DPB3-PP-5FLAG (a PreScission
Source
 gal2 dpb3::DPB3-PP-5FLAG Tsubota et al. [54]
 lys2-801 gal4 gal80 cyh2
GAL1TATA box-lacZ
Harper et al. [58]
de2-1 lys2GG2899-2900 Pavlov et al. (2002)
RA3 HIS3) Jaszczur et al. [47]
Jaszczur et al. [47]
b2-100 CaURA3 HIS3) Jaszczur et al. [47]
Jaszczur et al. [47]
Jaszczur et al. [47]
3 (dpb2-100) Jaszczur et al. [47]
Kraszewska et al. [50]
Kraszewska et al. [50]
Kraszewska et al. [50]
Kraszewska et al. [50]
This study
This study
This study
This study
This study
This study
This study
This study
A Rep
p
o
T
c
M
N
d
X
m
t
(
5
5
T
t
o
t
s
t
t
t
[
b
r
(
d
w
T
S
t

f
5
G
2
r
g
2
a
P
s
i
r
m
D
n
p
m
o
c
a
g
k
s
o
t
[
m
pM. Garbacz et al. / DN
rotease – PP-recognition site located between the C-terminus
f Dpb3p and the FLAG tag, kindly provided by Prof. H. Araki).
he YRT1 strain was transformed with pMG29 (see Plasmid
onstructions) which carried DPB2 under the heterologous
ET15 promoter and CYC1 terminator, giving SC641 strain.
ext, the chromosomal DPB2 allele was disrupted with the
pb2::kanMX4  cassette cut out from pKF111 with Bsp120I and
baI, giving SC673 strain. Transformants were selected on YPDA
edium supplemented with G-418 (200 g/ml). The integra-
ion of the cassette into the DPB2 locus was conﬁrmed by PCR
primer pairs: tTEF: 5′CGTATGTGAATGCTGGTC3′, Dpb2 down:
′GAATACTGGCTTACCGAG3′ as well as with: Dpb2 up:
′CACCGACTGCAACAGATG3′, pTEF: 5′GTCAAGACTGTCAAGGAG3′).
hen pMG29 bearing DPB2 under the heterologous promoter and
erminator was replaced with a centromeric vector pMG30-000
r pMG30-100 (bearing, respectively, DPB2 or dpb2-100 under
he control of DPB2 promoter and terminator) using plasmid
hufﬂe technique, to give SC674 and SC675 yeast strains, respec-
ively. Leu+ Ura+ transformants were selected and toothpicked
wice onto 5-FOA plates at 23 ◦C. Strains for spontaneous muta-
ion spectra analysis were I  (−2) I-7B-YUNI300 derivatives
47,50]. Strains carrying the pol3-5DV allele were constructed
y transformation of I  (−2) I-7B-YUNI300 derivatives car-
ying the wild type DPB2 or dpb2-100 allele with a cassette
Eco52I-linearized pY19 plasmid, kindly provided by D. Gor-
enin) introducing the pol3-5DV mutation. Ura+ transformants
ere selected and toothpicked twice onto 5-FOA plates at 23 ◦C.
he presence of pol3-5DV allele was conﬁrmed by sequencing.
trains carrying rnh201-::HPH cassette were constructed by
ransformation of SC91 or SC146. The presence of the rnh201-
::HPH cassette was conﬁrmed by two PCR reactions using the
ollowing pairs of primers: 5′CAAAGCAGATTAACGAATTGACAG3′,
′ACCTTGCGTCATCGTAGGAG3′ and 5′CAAAGCAGATTAACGAATT
ACAG3′, 5′GTCAAGACTGTCAAGGAG3′. The presence of the
513-bp and 497-bp products, respectively, indicated that
nh201-::HPH cassette substituted the chromosomal RNH201
ene.
.2. Plasmid constructions
All plasmids were constructed according to standard protocols
s described by Sambrook et al. [52] and propagated in E. coli DH5˛.
Construction of the pKF193 plasmid was multi-step. First, the
MET25-DPB2-Ni2+·c.s.-TEV·c.s.-His·tag-TCYC1 cassette (c.s. denotes
equence encoding a particular cleavage site) was introduced
nto pRS413 (HIS3//CEN6/ARSH4). The selectable marker HIS3 was
eplaced with URA3 from pRS316, using respective NsbI-NsbI frag-
ents, yielding pMG29.
The cassette for disruption of the DPB2 gene was isolated from
NA of BY4743 dpb2::kanMX4/DPB2 strain (EUROSCARF accession
o. Y25590) by the gap-repair method using EcoRI/StuI-linearized
KF106 [47]. Homologous recombination took place in both pro-
oter and terminator sequences of DPB2 resulting in two kinds
f plasmids depending on which allele was rescued. The plasmid
ontaining the PDPB2-kanMX4-TDPB2 cassette was  named pKF111
nd could be distinguished from one bearing the wild-type DPB2
ene (named pKF112; isogenic to pKF107, [47]) by conferring the
anamycin resistance in E. coli cells. Both plasmids were veriﬁed by
equencing.
Centromeric plasmids with pRS315 backbone carrying DPB2
r dpb2-100 under the homologous DPB2 promoter and termina-
or sequences were derivatives of pKF107 and pJK1, respectively
47]. The 4232-bp NsbI-NsbI fragment of pRS315 (containing LEU2
arker) was ligated with the 5279-bp NsbI-NsbI fragment of
KF107 or pJK1 to give pMG30-000 and pMG30-100, respectively.air 29 (2015) 23–35 25
To create the ADGAL4-DPB2 fusion, the full-length DPB2 ORF
was isolated as 2106-bp BamHI-Esp3I fragment from pKF134 [47]
and cloned into the BamHI/SalI-linearized pKF80 [47] yielding a
plasmid named pKF138. pKF138 (pKF80-DPB2) was  converted to
pKF80-100 by SacI–StuI digestion and by replacing the 1352-bp
excised sequence of DPB2 with SacI–StuI fragment of the same
length from pMG30-100. The BamHI-EcoRV 3165-bp fragment of
the resulting pKF80-100 and of pKF138 plasmids were cloned into
BamHI-EcoRV digested pKF263 by replacing the 1815-bp fragment.
The two-hybrid plasmid pKF263 is based on ADGAL4-containning
pACT2 vector (Clontech) and was  obtained by replacing the multi-
ple cloning site of NcoI/XhoI-digested pACT2 with a synthetic linker
bearing restriction sites placed in-frame according to ADGAL4. The
new polylinker is also generally compatible with the pRS series
of yeast vectors [53]. Consequently, vectors for two-hybrid system
containing the dpb2-100 and DPB2 alleles in fusion with a sequence
encoding Gal4 transcription activation domain (AD GAL4) – pAZ100
and pPJ99, respectively – were obtained. Plasmids with genes cod-
ing the GINS subunits were as described in [33].
2.3. Puriﬁcation of DNA Pol 
Pol  was puriﬁed utilizing a combination of afﬁnity and ion
exchange chromatography according to the procedure described
previously [54]. Please see the details in supplementary data S1.
2.4. DNA polymerase assay
DNA polymerase activity was determined by measuring incor-
poration of -[32P] dCTP into trichloroacetic-insoluble material.
Activated calf thymus DNA was  used as the template. A typical
reaction (50 l) contained 50 mM Tris–HCl pH 7.7, 100 g/ml BSA,
2 mM DTT, 10 mM MgCl2, 100 g/ml activated calf thymus DNA,
10% glycerol, 80 M dNTPs, 15 nM -[32P] dCTP (3000 Ci/mmol)
and 0.67 pmol of Pol . Reactions were incubated for 15 min  at
30 ◦C or 23 ◦C and stopped by the addition of 150 l of 50 mM
sodium pyrophosphate, 25 mM EDTA, 50 g/ml salmon sperm
DNA, followed by 1.3 ml  of 10% trichloroacetic acid. After overnight
incubation at 4 ◦C the acid-precipitated material was collected by
ﬁltration through Whatman GF/C ﬁlters. Filters were washed 4
times with 2 ml  of 1 M HCl, 0.05 M sodium pyrophosphate, rinsed
with ethanol, dried and radioactivity was counted. One unit of
enzyme activity incorporates 1 nmol of total nucleotide/h [13].
2.5. Gel mobility shift assay
DNA-binding mixture (10 l) contained 25 mM HEPES pH
7.6, 10% glycerol, 200 mM sodium acetate pH 7.8, 1 mM DTT,
200 g/ml BSA, 50 M dGTP, 50 M dTTP, 5 nM 5′-[32P]-labeled
DNA (58-nt:76-nt or 58-nt:k58-nt) and an indicated amount
of Pol Dpb2p or Pol Dpb2-100p. The DNA sequences were:
76-mer, 5′ GTCACTGTTACCGTGACAGGTAAGCAGTCCGCTGAT-
CATCGTGCGATCAATGCAGGCTATGCCGCATCGTGACCTG 3′, 58-
mer, 5′ CAGGTCACGATGCGGCATAGCCTGCATTGATCGCACGAT-
GATCAGCGGACTGCTTAC 3′, k58-mer, 5′ GTCACTGTTACCGTGACAG
GTAAGCAGTCCGCTGATCATCGTGCGATCAATGCAGGCTATGCCGCAT
CGTGACCTG 3′. The mixtures were incubated at 23 ◦C for 30 min,
mixed with 2.5 l of loading buffer (25 mM HEPES pH 7.6, 50%
glycerol) and loaded on non-denaturing 4% polyacrylamide gel.
Electrophoresis was  performed at 5.5 V/cm for 2.5 h at 4 ◦C in
25 mM HEPES pH 7.6, 0.1 mM EDTA pH 8.0. The gel was dried
at 80 ◦C for 45 min  and placed against a phosphorimaging plate
which was  then scanned using a Fuji Phosphoimager FLA7000 and
quantiﬁed using Multi-Gauge V3.0 software.
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.6. Processivity assay
A typical reaction mixture (15 l) contained 40 mM Tris–HCl
H 7.5, 8 mM magnesium acetate, 1% glycerol, 125 mM sodium
cetate, 1 mM DTT, 200 g/ml BSA, 1 mM ATP, 100 M dNTPs,
.3 nM RFC, 63 nM PCNA, 169 nM RPA, 5 nM primer-template
uplex (5′-[32P]-labeled 51 nt: 5′ ATACGACTCACTATAGGGC-
AATTGGGTACCGGGCCCCCCCTCGAGGTCGA-3′ annealed to ssDNA
f pBluescript II SK (+)) and 0.5 nM Pol Dpb2p or Pol Dpb2-100p. The
eaction was performed at 25 ◦C for 1, 2, 4 or 8 min, stopped by
dding 15 l of stop solution (90% formamide, 50 mM EDTA, 0.1%
ylene cyanol, 0.1% bromophenol blue), denatured for 5 min  at 99 ◦C
nd cooled on ice. Reaction products were resolved in 8% denatur-
ng polyacrylamide gel. Dried gel was exposed against phosphor
maging plates (Fuji) and signal quantiﬁed using a Typhoon imag-
ng system and ImageQuant software (GE Healthcare). Sequencing
roducts of identical template using SequenaseTM Version2.0 DNA
equencing Kit (USB Corporation) were used as molecular weight
arker. The termination probability at each template position
as measured according to the equation: Tp = N/sum ≥ N where
p – termination probability, N – intensity of a band at N,
um ≥ N – a sum of intensities of a band at N and all longer
ands.
.7. Exonuclease activity assay
The 3′ → 5′ exonuclease activity of Pol  was determined accord-
ng to the protocol described in Aksenova et al. [37]. The reaction
ixture (50 l) contained 40 mM Tris–HCl pH 7.5, 125 mM sodium
cetate, 1 mM  DTT, 200 g/ml BSA, 2.5 nM 5′-[32P]-labeled DNA-
ubstrate 58-nt:76-nt (DNA sequence as above) and 0.83 nM Pol
. Reaction mixtures were preincubated for 15 min  at 25 ◦C and
agnesium acetate was added to a ﬁnal concentration of 8 mM
o start the reaction. Reaction was performed at 25 ◦C. At 1, 2, 4,
, 16 or 32 min  7-l  sample was taken and mixed with the same
olume of stop buffer (90% formamide; 50 mM EDTA; 0.1% xylene
yanol, 0.1% bromophenol blue), denatured for 5 min  at 99 ◦C and
ooled on ice. DNA was analyzed in 10% polyacrylamide urea dena-
uring gel. Dried gel was exposed against a phosphor imaging plates
Fuji) and signal quantiﬁed using a Typhoon imaging system and
mageQuant software (GE Healthcare). The efﬁciency of exonucle-
se activity was  determined according to the equation: Ex = Id/It,
here Ex – exonuclease efﬁciency, Id – intensity of all bands below
ubstrate (products of degradation), It – intensity of all bands in a
ane.
.8. Fidelity of in vitro DNA synthesis by DNA polymerase epsilon
 gap ﬁlling assay
The frequency of nucleotide misincorporation of Pol  was
etermined in a forward mutation assay using a 407-nt target
equence in M13mp2 DNA [55]. Gapped M13mp2 was prepared as
escribed by Bebenek and Kunkel [55]. Reaction mixtures (100 l)
ontained: 44 nM Pol , 0.5 nM M13mp2 gapped DNA substrate,
 mM DTT, 10% glycerol, 50 mM  Tris–HCl pH 7.5, 100 g/ml BSA,
 mM MgCl2, 1 mM dNTPs. In imbalanced nucleotide pool exper-
ments three dNTPs were at 20 M each and the fourth (dCTP
r dTTP) at 2 mM.  The mutant frequency (MF) estimated after
olor veriﬁcation was corrected by subtracting the frequency of
utants obtained after transfection with control gapped DNA (the
ackground observed for this assay was 21 × 10−4). All mutant fre-
uencies presented in Table 3 are obtained after subtracting the
ackground level.air 29 (2015) 23–35
2.9. Determination of mutation rates
To determine spontaneous mutation rates, 10–20 independent
cultures of each yeast strain (two or three independent isolates)
were inoculated in 2–20 ml  of liquid SD medium supplemented
with required amino acids and nucleobases. Cultures were grown
at 23 ◦C to the stationary phase and propagated as described previ-
ously [47]. The mutation rates were calculated using the equation:
 = f /ln(N), where  is the mutation rate per replication, f is
the mutant frequency and N is the total population size [56].
Median values of the mutation rates and 95% conﬁdence inter-
vals for the medians were calculated with the use of STATISTICA
6.0 software. To determine the p-values for signiﬁcance of differ-
ences of the mutation rates between strains the Mann–Whitney U
non-parametric test was  used.
2.10. CAN1 mutation spectra analysis
The spontaneous-mutation frequency and rates in strains
selected for the analysis of mutation spectra was determined as
previously [33,50]. CAN1 locus was ampliﬁed by PCR using the DNA
as a template and primers MG  CANFF – 5′AAGAGTGGTTGCGAACA-
GAG3′ and MG  CANRR – 5′GGAGCAAGATTGTTGTGGTG3′. Primers
CAN 1666 – 5′ATATTTGACAGGGAACAAGT3′, CAN 1963 5′GATG-
GCTCTTGGAACGGA3′, CAN 2241 5′TGTCAAGGACCACCAAAG3′ and
CAN 2465 5′GTAACTCGTCACGAGAGA3′ were used to determine
the nucleotide sequence of the PCR amplicon. Mutations were iden-
tiﬁed using BioEdit – sequence alignment and analysis program.
Statistical signiﬁcance of differences between two spectra were
determined with using Monte Carlo method. Please see the sup-
plementary data S2.2 for further details.
2.11. Two-hybrid analysis
Two-hybrid analysis was  performed according to Fields and
Song [57] with the Y190 strain as a host [58]. Interactions
were assessed using plate assay with 5-bromo-4-chloro-3-
indolyl--d-galactopiranoside (X-gal) and a quantitative in vitro
-galactosidase assay with o-nitrophenyl -galactoside (ONPG) as
substrate [59]. For -galactosidase assay yeast strains were grown
for 1 day at 23 ◦C in SD medium supplemented with required amino
acids and nucleotides. Cultures were diluted 10-fold with fresh SD
medium and incubated for additional 48 h.
3. Results
We  have previously isolated several temperature-sensitive
mutant alleles of DPB2 encoding the non-catalytic subunit of Pol
 holoenzyme in the yeast S. cerevisiae [47,48]. The mutants were
signiﬁcantly affected in spontaneous mutagenesis.
In this study we investigated further the mechanisms of the
mutator effect of defective Dpb2p. We  chose the dpb2-100 allele
[47] as it is the strongest mutator.
3.1. Puriﬁcation, activity and enzymatic properties of wild type
and mutant Pol 
We  wanted to investigate whether the mutations in the Dpb2p
subunit inﬂuence the ﬁdelity of replication by the direct impact
on biochemical properties of Pol . We  puriﬁed the wild type and
the mutant version of Pol  holoenzyme and characterized them in
vitro. We  studied the enzymes’ binding to DNA and their activity,
processivity and ﬁdelity of replication.
The Dpb2 subunit is composed of 689 amino acids. We  changed
two amino acids in the middle part of the protein (L284P, T345A)
[47]. To analyze whether the mutated variant of Dpb2p changes
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Fig. 1. Stoichiometry of subunits of Pol  variants puriﬁed from the DPB2 and dpb2-
100 strains. Pol  holoenzyme was puriﬁed from the DPB2 and dpb2-100 strains
e
c
w
t
m
(
i
a

m
(
a
t
Table 2
In vitro DNA polymerase activity of Pol  variants.
Pol  activity [U/mg Pol2p]
Variant of Pol /temperature 23 ◦C 30 ◦C
Pol Dpb2p 3720 5058
Pol  Dpb2-100p 4419 5058xpressing Dpb3p-FLAG as described in Section 2. Peak fractions from the ResourceQ
olumn were separated in 5–20% gradient polyacrylamide gel with SDS and stained
ith Coomassie Brilliant Blue.
he enzymatic properties of Pol  we puriﬁed the wild type and the
utant variant of Pol  from yeast expressing it at a native level
without overexpression). The stoichiometry of the Pol  subunits
n the wild type enzyme (Pol2p:Dpb2p:Dpb3p:Dpb4p) was 1:1:1:1,
s reported earlier [37]. In contrast, in the mutated variant of Pol
 the Dpb2p subunit was  present at approximately 1/10 of its nor-
al  level (the Pol2p:Dpb2p:Dpb3p:Dpb4p ratio was 1:0.1:1:1.2)Fig. 1).
We compared the DNA polymerase activity of the two  Pol  vari-
nts using activated calf thymus DNA as template/primer. Because
he presence of the dpb2-100 allele causes temperature-sensitivityIncorporation of [-32P]dCTP into activated calf thymus DNA was  measured as
described in Section 2.
of the mutant strain, we measured the in vitro activity at the 23 ◦C
and 30 ◦C (Table 2). Both Pol  variants exhibited similar activity and
utilized activated DNA as a template-primer efﬁciently, which indi-
cated that the catalytic activity of Pol Dpb2-100p was  not affected
by the Dpb2p defect at neither temperature (Table 2).
Pol  binds both ss- and dsDNA [35,54]. The DNA-binding prop-
erties of the two variants were analyzed by the gel mobility shift
assay with 32P-labeled dsDNA (58-nt:58-nt) or dsDNA with a single
stranded overhang (56-nt:76-nt). Two forms of Pol  exhibit similar
DNA binding efﬁciency. However, at the higher Pol Dpb2-100p con-
centrations two shifted bands with different mobilities are visible
which may  suggest that more than one polymerase complex can be
bound to the same DNA template molecule. In contrast, Pol Dpb2p
is shifted into a single band at all enzyme concentrations (Fig. 2).
Processivity is a crucial parameter of replicative polymerases
and Pol  has been previously shown to have a very high intrinsic
processivity. Interestingly, the two  non-essential small subunits,
Dpb3 and Dpb4, are important for the processivity of Pol  [37]. To
check whether processivity is compromised in the Pol Dpb2-100p
complex, we  compared the processivity of DNA synthesis by wild
type Pol  with its mutant form when copying a circular ssDNA
plasmid BlueScript SK II. The reactions were performed under con-
ditions of primer-template excess (1:10 molar ratio of polymerase
to primer), such that only a small percentage of primers were
extended (see Section 2 and description for Fig. 3). The results for
the two Pol  variants were similar – both incorporated at least
250 nucleotides – indicating that the deﬁciency of the Dpb2 sub-
unit did not compromise the processivity (Fig. 3). To improve the
processivity of the polymerases we added RPA, RFC and PCNA to the
reaction. It was previously shown that these factors may  affect the
processivity of Pol  [60–62]. As the distribution of the products
synthesized by both enzymes was similar and their processivity
comparable one can thus conclude that the interaction with PCNA
and loading of Pol  on the 3′OH primer end are not substantially
affected in the Pol Dpb2-100p enzyme.
Finally, the exonuclease activity of the wild type and mutant
Pol  was  compared by assessing their ability to degrade 5′-32P-
labeled primer strand of an oligonucleotide template-primer (58-
nt:76-nt). The reaction was carried out in the absence of dNTPs. The
mutant Pol  variant did not degrade the primer strand with lower
efﬁciency (Fig. 4).
To sum up, the lack of the Dpb2 subunit in ∼90% of Pol 
complexes and the presence of a mutant Dpb2-100p one in the
remaining 10% seem not to affect the DNA polymerizing or exonu-
clease activities, interactions with PCNA or DNA.
3.2. Effect of Dpb2p deﬁciency on the ﬁdelity of Pol  holoenzyme
To investigate whether the deﬁciency of Dpb2p affects the
ﬁdelity of Pol  we  compared the action of the wild type Pol 
and Pol Dpb2-100p in a gap-ﬁlling assay. In this in vitro assay, poly-
merase ﬁlls in a 407-nt gap in dsDNA of M13mp2 bacteriophage.
Errors in the DNA synthesis manifest as colorless or light blue
plaques [55]. This assay allows detection of both base substitut-
ions as well as frameshift errors. We  ﬁrst compared the ﬁdelity of
both polymerases in the gap-ﬁlling in a reaction containing equal
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Tig. 2. DNA binding by Pol Dpb2p and Pol Dpb2-100p. DNA-binding properties of both
ndicated averages from independent experiments. Two shifted products visible at t
ound per oligonucleotide substrate.
oncentrations of each nucleotide (1 mM dNTPs, Table 3). Pol  vari-
nts ﬁlled in the 407-nt gap efﬁciently, what was  observed using
garose gel electrophoresis (data not shown). The lacZ mutant fre-
uencies (MF) obtained after transfection of E. coli cells with these
eaction products for wild type Pol  (27 × 10−4) and the mutated
ol Dpb2-100p (26.8 × 10−4) were similar to the background lacZ
utation frequency for uncopied M13mp2 phage DNA (21 × 10−4).
he mutant frequencies obtained after gap-ﬁlling were corrected
y subtracting the background level (e.g., MF  for Pol  HE was cal-
ulated as 27 × 10−4 − 21 × 10−4 = 6 × 10−4). Such corrected values
re presented in Table 3.
As Pol  is a highly accurate enzyme owing in part to its proof-
eading activity [63], the use of its exonuclease-proﬁcient form
n the assay could have impeded demonstration of its possible
efect due to the dpb2-100 mutation. Since the overall error rates
able 3
he lacZ− mutation frequency in products of M13 phage gap ﬁlling by DNA Pol  variants
Experiment Variant of Pol  Plaques 
Total 
1 mM dNTPs
Dpb2p 35,854 
Dpb2-100p 35,471 
20  M dNTPs
+2 mM dCTP
Dpb2p 40,135 
Dpb2-100p 50,802 
20  M dNTPs
+2 mM dTTP
Dpb2p 45,085 
Dpb2-100p 46,625 
he lacZ− mutant frequencies were calculated as described in [55].
# Statistically signiﬁcant difference, p = 0.03 (p values were calculated using non-param of Pol  were analyzed using gel mobility shift assay (A). On the graphs (B) there are
hest concentration of Pol Dpb2-100p may correspond to one or more Pol  molecules
committed by either variant of Pol  were rather low, we rea-
soned that provoking the enzyme to commit more errors due to
imbalanced dNTPs pool in reaction could perhaps allow visualizing
differences between the wild type Pol  HE and mutant variant.
Therefore, we  conducted the assay with an imbalanced ratio of
dNTPs, a condition known to provoke replication errors. In imbal-
anced dNTPs pool conditions, concentration of dCTP or dTTP were
100-fold higher comparing to the concentration of the other three
nucleotides, therefore the rate of polymerization and mismatch
extension should be increased and proofreading compromised [64].
With the dCTP excess we  observed a moderate (1.9-fold) but
statistically signiﬁcant mutator effect of Pol  (64.0 × 10−4Dpb2-100p
comparing to 33.0 × 10−4, p = 0.03, Table 3). With the dTTP excess
the mutator effect was  smaller (1.6-fold) and statistically insignif-
icant (28.0 × 10−4 vs. 17.6 × 10−4, p = 0.83, Table 3). Based on the
 in vitro.
Mutant frequency (×10−4) Fold
Mutants
97 6.0
1.0×95 5.8
217 33.0
1.9×#432 64.0
174 17.6
1.6×230 28.3
etric Mann–Whitney-U test).
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Fig. 3. Processivity of DNA synthesis by Pol Dpb2p and Pol Dpb2-100p. Processivity
of  DNA synthesis was  analyzed with using primer extension assay. The substrate,
5′-[32P]-labeled 51-mer annealed to ssDNA of pBluescript II SK (+), were extended
by  Pol Dpb2p and Pol Dpb2-100p as described in Section 2. In this experiment we
used a signiﬁcant excess of DNA substrate over the polymerase ([E]:[S] 1:10) such
that only less than 20% of primers were extended. Termination probability at 4 and
8  min  time points were similar for analyzed DNA products therefore we assume they
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Fig. 4. Exonuclease activity of Pol Dpb2p and Pol Dpb2-100p. The 3′ → 5′ exonucle-
ase activity of Pol Dpb2p and Pol Dpb2-100p was determined using a 5′-[32P]-labeled
duplex DNA (58–76-nt oligonucleotides) as a substrate. Reactions were stopped
uptake of the toxic canavanine into the cell. Table 5A presents
the distribution of particular classes of mutations for the 834
sequenced CanR mutants (location of the mutations in the CAN1
sequence is shown in Supplementary data S2.1).
Table 4
Mutation rates in the dpb2-100 and dpb2-100 rnh201 strains.
Yeast strain CanR (×10−7) Relative ratea
DPB2 RNH201 6.3 (5.4–8.7) 1
DPB2 rnh201- 18.6 (15.0–20.9) 2.9
dpb2-100 RNH201 40.0 (29.5–56.9) 6.3
dpb2-100 rnh201- 46.0 (38.3–58.4) 7.3
a Relative rate is the rate in a given strain divided by the corresponding rate inepresented condition closed to a single hit.
btained results we conclude that Dpb2p deﬁciency may  affect the
delity of Pol , but the effect is very moderate.
.3. Errors in dpb2-100 strain are not due to increased
ncorporation of ribonucleotides by Pol 
The increased number of errors in the dpb2-100 mutant could be
aused by an increased incorporation of ribonucleotides, since Pol
 has previously been shown to incorporate ribonucleotides efﬁ-
iently [65–68]. To check this possibility, we investigated whether
he deletion of rnh201 (a component of RER–ribonucleotide exci-
ion repair) disturbs the removal of ribonucleotides from DNA,
ncreasing the rate of mutations in the dpb2-100 strain. No such
ffect was observed (Table 4), indicating that the analyzed dpb2-100
utation is unlikely to affect the rate of incorporation of ribonu-
leotides by Pol .at indicated time points. Degradation products generated by Pol Dpb2p and Pol
Dpb2-100p were separated in 10% denaturing polyacrylamide gel and radioactive
bands visualized as described in Section 2.
3.4. Characterization of CanR mutations in dpb2-100 strains
To investigate the inﬂuence of Dpb2-100p on spontaneous
mutagenesis we  determined spectra of CanR mutations in four
strains bearing the dpb2-100 allele (dpb2-100, dpb2-100 rev3,
dpb2-100 pol2-4 and dpb2-100 pol2-4 rev3) and compared with
that of isogenic strains carrying the DPB2 allele (WT, rev3, pol2-4
and pol2-4 rev3)  as controls. To establish the speciﬁcity and
possible mechanisms of mutagenesis in the analyzed strains we
estimated the rates and percentage of each individual class or
type of mutation. We  used the CAN1 assay because the CAN1
gene provides a large forward mutagenesis target (1773 bp) and
allows detection of a variety of mutational events, including base
substitutions, frameshifts, insertions, inversions, larger deletions
and complex rearrangements. Such a wide spectrum of mutational
events can be detected since any mutation that inactivates the
arginine permease encoded by the CAN1 gene will prevent thethe DPB2 RNH201 strain; 95% conﬁdence intervals are shown in parentheses;
p value was >0.05 for dpb2-100 RNH201 vs. dpb2-100 rnh201, calculated using
non-parametric Mann–Whitney-U test.
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Table 5A
CAN1 mutation spectra in diverse yeast strains.
Strain/mutation
class
DPB2 rev3 dpb2-100 dpb2-100 rev3 pol2-4 pol2-4 rev3 dpb2-100 pol2-4 dpb2-100 pol2-4
rev3
Base
substitutions
2.3a (71/70%)b 0.5 (62/56%) 26.3 (63/80%) 11.2 (60/70%) 14.9 (101/83%) 14.8 (100/78%) 234.7 (65/90%) 74.8 (55/68%)
Indels  0.8 (26/25%) 0.4 (48/44%) 5.4 (13/16%) 4.8 (26/30%) 3.1 (21/17%) 4.2 (29/22%) 21.7 (6/8%) 35.2 (26/32%)
Complexc 0.2 (5/5%) <0.1 (<1) 1.3 (3/4%) <0.2 (<1) <0.1 (<1) <0.2 (<1) 3.6 (1/1%) <1.3 (<1)
Total  3.3 (102/100%) 0.93 (110/100%) 33.0 (79/100%) 16.0 (86/100%) 18.0 (122/100%) 19.0 (129/100%) 260.0 (72/100%) 110.0 (81/100%)
a Rates [CanR/107 cells] for particular types of mutations were calculated as described previously (for reference see Supplementary data S2.2). p values are presented in
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b Number and percentage of events for speciﬁc classes of mutations are shown in
c Complex mutations are deﬁned as multiple changes within short DNA stretche
.4.1. The dpb2-100 allele mutator activity
.4.1.1. rev3.  Pol  activity signiﬁcantly increases the frequency
f spontaneous mutations [33,46,50,69–73]. The overall rate of
anR mutations is 3.7-fold lower in the rev3 strain than in the
ild-type (Table 5A). The mutation types attributed to Pol  activity
compromised in the rev3 strain) were affected the most. The rate
f transversions was reduced 5.5-fold and transitions 3-fold. Anal-
sis of the most characteristic of Pol  mutational events shows that
he rate of GC → CG drops 10-fold (from 0.3 × 10−7 to 0.03 × 10−7)
n the rev3 strain. While complex mutations, deﬁned as multiple
utations within DNA stretches ≤6 nt, were absent in the rev3
train (Table 5B). These results are in agreement with earlier reports
n Pol -dependent mutagenesis [33,46,50,71,74–76].
.4.1.2. dpb2-100.  The dpb2-100 strain exhibited a strong muta-
or phenotype, showing a 10-fold higher CAN1 mutation rate than
he wild type strain (33 × 10−7 vs. 3.3 × 10−7, Table 5A). Almost all
lasses of mutations were enhanced: base substitutions 11.4-fold
from 2.3 × 10−7 to 26.3 × 10−7) and indels 7-fold (from 0.8 × 10−7
o 5.4 × 10−7) (Table 5A). In particular, transitions were elevated 9-
old (from 1.2 × 10−7 to 10.9 × 10−7), transversions 14-fold (from
.1 × 10−7 to 15.5 × 10−7) and 1-bp additions, 2-bp additions, 1-
p deletions and 2-bp deletions – 13-fold, 8-fold, 6-fold and 2-fold,
espectively (Table 5B). Complex mutations were increased 6.5-fold
n the dpb2-100 strain.
.4.1.3. dpb2-100 vs. dpb2-100 rev3.  To determine the contri-
ution of Pol  to the ﬁdelity of replication in the dpb2-100 strain
e compared the spectra of mutations in the dpb2-100 strain in
he presence and in the absence of Pol . The lack of a functional
ol  decreased the mutation rate 2-fold in the dpb2-100 rev3
train when compared to dpb2-100;  the rates of base substitutions
ecreased from 26.3 × 10−7 to 11.2 × 10−7, and complex mutations
ere not found in the dpb2-100 rev3 spectrum (Table 5A). The
trongest difference between the two spectra was the absence of
C → CG transversions in the dpb2-100 rev3 strain. Among indels,
oth insertions and deletions were moderately decreased in the
pb2-100 rev3 strain (Table 5B). Based on the obtained muta-
ion spectra, we conclude that the presence of the dpb2-100 allele
ncreases the participation of the error prone Pol  in DNA repli-
ation. However, a signiﬁcant fraction (50%) of mutagenesis in the
pb2-100 is independent of the Pol  activity. Inactivation of DNA
olymerase eta () (by disruption of RAD30 gene) did not decrease
anR mutagenesis in dpb2-100 rev3 strains (see Supplementary
ata S3).
.4.1.4. dpb2-100 rev3 vs. rev3.  To evaluate the inﬂuence of
utated Dpb2 subunit on the level of spontaneous mutagenesis inhe case when Pol  does not contribute to the ﬁdelity, we compared
he mutation spectra of the dpb2-100 rev3 and rev3 strains. The
resence of the dpb2-100 allele increased the overall mutation rate
8-fold in the rev3 background, base substitutions were increasedets.
o 6 nt).
22-fold and indels 12-fold. In particular, the rate of transversions
increased 27-fold and that of transitions - 14.5-fold (Table 5B). The
obtained data indicate that the mutant form of Dpb2p elevates the
rates of all types of mutations in rev3 background.
3.4.2. The synergy between dpb2-100 and pol2-4
3.4.2.1. pol2-4.  DNA polymerase errors are a combined result of
nucleotide misincorporation by the polymerase and subsequent
proofreading. The pol2-4 allele encodes an impaired polymerase
lacking the 3′ → 5′ exonuclease proofreading activity [63,77,78].
Tables 5 show results of experiments performed in the pol2-4
background. The pol2-4 mutation alone elevated the mutation
rate in CAN1 5.4-fold (from 3.3 × 10−7 in wild type strain to
18 × 10−7 in pol2-4). Base substitutions were enhanced 6.5-fold
and indels 3.9-fold. In particular, transitions increased 3.6-fold
(from 1.2 × 10−7 to 4.5 × 10−7) and transversions 8.7-fold (from
1.1 × 10−7 to 10.3 × 10−7). The mutation spectrum for the pol2-4
strain determined here was similar to that reported by Aksenova
et al. [37]. When the rev3 defect was combined with the pol2-
4, no statistically signiﬁcant change was observed in the mutation
spectrum (Tables 5A and 5B and Supplementary data S2.2).
3.4.2.2. pol2-4 and dpb2-100 vs. pol2-4 dpb2-100.  To further study
the mechanism of dpb2-100-related mutagenesis, we  investigated
the relation between the 3′ → 5′ proofreading activity of Pol  and
the defect in Dpb2p in mutation avoidance (between the pol2-4
and dpb2-100 alleles). We  found the synergistic effect of the two
defects on the CAN1 mutation rate (18 × 10−7 and 33 × 10−7 in
strains with single defects vs.  260 × 10−7 in pol2-4-dpb2-100). Inter-
estingly, the two  defects had the synergistic effect for all types of
base substitutions except GC → CG (Table 5B). For indels, the effect
was also synergistic (21.7 × 10−7 vs.  5.4 x 10−7 and 3.1 × 10−7 for
dpb2-100 and pol2-4,  respectively) indicating that both the dpb2-
100 and pol2-4 alleles inﬂuence mechanisms which compete for
the same replication errors.
3.4.2.3. pol2-4 rev3 and dpb2-100 rev3 vs. pol2-4 dpb2-100
rev3. A comparative analysis of mutation rates and spectra in
three strains in which the error-prone Pol  is inactive is an excel-
lent method to analyze both the relationship between the dpb2-100
and pol2-4 alleles and their inﬂuence on spontaneous mutagene-
sis. Both the pol2-4 and dpb2-100 alleles are strong mutators when
combined with rev3 as they each increase the mutation rate ∼20-
fold. In the triple mutant strain pol2-4 dpb2-100 rev3 these alleles
act synergistically (CAN1 mutation rate ∼110 × 10−7 in the triple
mutant vs.  16 × 10−7 in dpb2-100 rev3 and 19 × 10−7 in pol2-
4 rev3). A synergistic effect is observed for transversions, for
AT → TA (20.9 × 10−7 vs.  0.2 × 10−7 and 2.5 × 10−7, respectively)
or AT → CG (9.9 × 10−7 vs.  0.7 × 10−7 and 0.4 × 10−7, respectively).
The same is true for 1-bp insertions (18.7 × 10−7 vs.  1.7 × 10−7 and
1.3 × 10−7 in dpb2-100 pol2-4 rev3,  dpb2-100 rev3 and pol2-4
rev3, respectively) and 1-bp deletions (12.1 × 10−7 vs.  2.0 × 10−7
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Table  5B
Rates of various types of base substitutions, indels and complex mutations.
Type of
mutation/strain
DPB2 rev3 dpb2-100 dpb2-100 rev3 pol2-4 pol2-4 rev3 dpb2-100 pol2-4 dpb2-100 pol2-4
rev3
Transitions 1.2a (37/36%)b 0.4 (42/38%) 10.9 (26/33%) 5.8 (31/36%) 4.5 (31/25%) 4.8 (32/25%) 83.1 (23/32%) 15.4 (11/14%)
AT  → GC 0.4 (12/12%) 0.1 (11/10%) 2.5 (6/8%) 2.8 (15/17%) 1.6 (11/9%) 1.5 (10/8%) 36.1 (10/14%) 9.9 (7/9%)
GC  → AT 0.8 (25/25%) 0.3 (31/28%) 8.4 (20/25%) 3.0 (16/19%) 2.9 (20/16%) 3.2 (22/17%) 46.9 (13/18%) 5.5 (4/5%)
Transversions 1.1 (34/33%) 0.2 (20/18%) 15.5 (37/47%) 5.4 (29/34%) 10.3 (70/57%) 10.1 (68/53%) 151.7 (42/58%) 59.4 (44/54%)
AT  → CG 0.1 (4/4%) 0.01 (1/1%) 1.7 (4/5%) 0.7 (4/5%) 0.9 (6/5%) 0.4 (3/2%) 10.8 (3/4%) 9.9 (7/9%)
AT  → TA 0.1 (3/3%) 0.01 (1/1%) 2.5 (6/8%) 0.2 (1/1%) 2.7 (18/15%) 2.5 (17/13%) 32.5 (9/13%) 20.9 (15/19%)
GC  → TA 0.6 (17/17%) 0.1 (15/14%) 6.7 (16/20%) 4.5 (24/28%) 5.8 (39/32%) 6.8 (47/36%) 104.7 (29/40%) 29.7 (22/27%)
GC  → CG 0.3 (10/10%) 0.03 (3/3%) 4.6 (11/14%) <0.2 (<1) 1.1 (7/6%) 0.2 (1/1%) 3.6 (1/1%) <1.4 (<1)
Insertions 0.2a (5/5%)b 0.1 (14/13%) 2.1 (5/6%) 2.4 (13/15%) 1.4 (10/8%) 1.3 (9/7%) 21.7 (6/8%) 22.0 (16/20%)
+1  0.1 (3/3%) 0.03 (3/3%) 1.3 (3/4%) 1.7 (9/10%) 1.3 (9/7%) 1.3 (9/7%) 21.7 (6/8%) 18.7 (14/17%)
≥2  0.1 (2/2%) 0.1 (11/10%) 0.8 (2/3%) 0.7 (4/5%) 0.2 (1/1%) <0.1 (<1) <3.6 (<1) 2.2 (2/2%)
Deletions 0.7 (21/21%) 0.3 (34/31%) 3.3 (8/10%) 2.4 (13/15%) 1.6 (11/9%) 3.0 (20/16%) <3.6 (<1) 13.2 (10/12%)
−1 0.5  (14/14%) 0.1 (10/9%) 2.9 (7/9%) 2.0 (11/13%) 1.1 (7/6%) 1.7 (12/9%) <3.6 (<1) 12.1 (9/11%)
≥2  0.2 (7/7%) 0.2 (24/22%) 0.4 (1/1%) 0.4 (2/2%) 0.5 (4/3%) 1.1 (8/6%) <3.6 (<1) 1.1 (1/1%)
Complexc 0.2 (5/5%) <0.1 (<1) 1.3 (3/4%) <0.2 (<1) <0.1 (<1) <0.2 (<1) 3.6 (1/1%) <1.3 (<1)
Total  3.3 (102/100%) 0.93 (110/100%) 33.0 (79/100%) 16.0 (86/100%) 18.0 (122/100%) 19.0 (129/100%) 260.0 (72/100%) 110.0 (81/100%)
a Rates [CanR/107 cells] for particular types of mutations were calculated as described previously (for reference see Supplementary data S2.2). p values are presented in
Supplementary data S2.2;
b Number and percentage of events for speciﬁc classes of mutations are shown in brackets.
c Complex mutations are deﬁned as multiple changes within short DNA stretches (up to 6 nt).
Table 5C
Relative mutation rates of particular types of mutations in diverse rev3 yeast strains.
Type of mutations/strain rev3 dpb2-100 rev3 pol2-4 rev3 dpb2-100 pol2-4 rev3
Base substitutions 1.0a 22 30 150
Transitions 1.0 14 12 38
AT  → GC 1.0 28 15 99
GC  → AT 1.0 10 10 18
Transversions 1.0 27 50 297
AT  → CG 1.0 70 40 990
AT  → TA 1.0 20 250 2090
GC  → TA 1.0 45 68 297
Indels 1.0 12 10 88
Insertions 1.0 24 13 220
+1  1.0 56 43 623
Deletions 1.0 8 10 44
−1 1.0  20 17 121
Total 1.0 18 21 122
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the Dpb2 fusion proteins used in two hybrid assay were expressed
at similar levels in S. cerevisiae cells [47].
Table 6
Protein–protein interactions between Dpb2p/Dpb2-100p and GINS subunits.
Two-hybrid plasmids (GAL4 fusion)a -Galactosidase
activity (in vitro
assay)b
AD BD 23 ◦C
DPB2 PSF1 65 (±34)
dpb2-100 PSF1 10 (±1)
DPB2 PSF3 37 (±17)
dpb2-100 PSF3 0.9 (±0.2)
a The Y190 strain was transformed with plasmids carrying DPB2 and the GINS
subunits coding sequences. Interactions between Dpb2p or Dpb2-100p and the GINS
subunits were determined using the lacZ genetic reporter. In vitro -galactosidase
assay was performed as described by Rose et al. [59].a Relative mutation rate is the rate in a given strain divided by the corresponding
ue  to very low rate in the dpb2-100 rev3 strain.
nd 1.7 × 10−7, Table 5B). To visualize better the synergy between
he dpb2-100 and pol2-4 alleles we present calculations of the rel-
tive mutation rates in the rev3 background in Table 5C. For the
pb2-100 rev3,  pol2-4 rev3 and dpb2-100 pol2-4 rev3 strains
hey are 18, 21 and 122 times higher than in rev3.
.5. Two-hybrid analysis of protein–protein interactions between
pb2p and the GINS complex
Genetic, two-hybrid analyses and in vitro functional complexes
nalysis have suggested that the physical interaction between the
MG  complex and DNA Pol  holoenzyme is crucial for proper
unctioning of the replisome and is maintained through a contact
etween the GINS subunits and Dpb2p [28,32,33,79].
To test whether the mutated variant of Dpb2p affects the inter-
ction of Pol  with Psf1p or Psf3p (the GINS subunits) we used the
east two-hybrid system. The usefulness of this system for studying
rotein-protein interactions within the GINS complex and between
articular GINS subunits and Dpb2p was shown in the previous
tudies [28,33]. Results presented in Table 6 conﬁrmed the ear-
ier observation that Psf1 and Psf3 GINS fusion proteins are able
o interact with Dpb2p. Subsequently, we measured the relative
trength of the protein-protein interactions using the Dpb2-100
nd Psf1 or Psf3 fusion proteins. Data presented in Table 6 indi-
ate that at the permissive temperature (23 ◦C) the interaction ofn the POL2 DPB2 rev3 strain. GC → CG mutations were excluded from the analysis
Dpb2-100p with Psf1p or Psf3p is signiﬁcantly reduced compared
to the wild-type Dpb2p.
Previously, we showed that the wild-type and mutant form ofb -Galactosidase-speciﬁc activities were calculated as nmols of o-nitrophenyl -
galactoside (ONPG) hydrolyzed per min. per mg of protein. The values given present
averages of 5 yeast transformants; (±) – standard deviations are given in parenthe-
ses.
AD, Gal4p transcriptional activation domain; BD, Gal4p DNA-binding domain.
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Table 7
Mutation rates in the dpb2-100 and dpb2-100 pol3-5DV strains.
Yeast strain CanR (×10−7) Relative ratea Trp+ (×10−8) Relative ratea
DPB2 POL3 5.8 (4.6–7.1) 1 2.1 (1.7–2.5) 1
dpb2-100 POL3 34.9 (31.2–46.1) 6.0 15.8 (11.8–18.7) 7.5
DPB2  pol3-5DV 33.5 (26.2–63.0) 5.8 11.0 (7–15.7) 5.2
dpb2-100 pol3-5DV 112.0 (110.0–157.3) 19.3 48.5 (41.5–58.0) 23.3
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pa Relative rate is the rate in a given strain divided by the corresponding rate in th
tatistically signiﬁcant effect is observed for all comparisons, p < 0.003 (p values we
.6. Mutator effects of dpb2-100 in strains defective in Pol ı
roofreading
As the interaction between CMG  (GINS) complex with Pol  is
aintained through Dpb2 subunit, the mutations that disturb this
onnection in dpb2-100 strain may  inﬂuence the functioning of Pol
 on the leading strand. Although, it is generally considered that
ol  and Pol  act on separate strands there were studies suggest-
ng that exonucleases of both Pol  and Pol  can act to the same
ool of replication errors [77,80]. To investigate the putative inter-
lay between the impaired proofreading activity of Pol  and the
pb2-100p defect, we constructed a double mutant dpb2-100 pol3-
DV. In newer literature the pol3-5DV allele [81] is often referred
o as pol3-D520V, because it leads to D520 → V amino acid change
82] which inactivates the intrinsic 3′ → 5′ exonuclease activity of
ol3p (catalytic subunit of Pol ) and thus Pol  proofreading no
onger contributes to error removal [83]. If the mutator activities
f the dpb2-100 and pol3-5DV alleles are components of indepen-
ent pathways, one should observe their simple additive effect.
lternatively, if the two mutations affect two different mechanisms
cting on the same pool of errors, the synergistic relationship of
he mutation rates will be observed in the double mutant. Finally,
f the dpb2-100 defect impairs the proofreading by Pol , the level
f mutagenesis in the dpb2-100 pol3-5DV strain should be the same
s in a strain carrying only the pol3-5DV allele.
The dpb2-100 and pol3-5DV alleles showed the synergistic rela-
ionship (Table 7). The relative rate of CanR mutations in the
pb2-100 strain was increased 6.0-fold as compared to the DPB2
ontrol strain. The pol3-5DV mutation alone increased the muta-
ion rate 5.8-fold compared to the wild type. Interestingly, in the
pb2-100 pol3-5DV strain the mutation rate was enhanced about 20
imes comparing to that of the isogenic wild type strain (Table 7).
he similar synergistic effect was observed for the Trp+ mutation
ate (trp1-289 – nonsense mutation) (7.5, 5.2 and 23.3 in dpb2-100,
ol3-5DV and dpb2-100 pol3-5DV mutants respectively, Table 7).
hese results strongly suggest a functional interaction between the
utant form of Dpb2 subunit of Pol  and Pol .
. Discussion
Dpb2p, an essential, non-catalytic subunit of Pol  holoenzyme
eems to take part in diverse processes, because mutations in the
PB2 gene have various phenotypic effects, causing disturbances
n the DNA replication initiation, S-phase progression, increased
utability, impaired interaction between the catalytic Pol2 subunit
nd Dpb2p or dumbbell cell morphology [18,47,84]. Interestingly,
t was also reported that Dpb2p is important for the interaction
etween Pol  and the GINS complex and therefore targeting Pol
 to the leading strand [28,32,33,79,85]. In this study we investi-
ated the mechanism of the mutator effect of the dpb2-100 allele
nd its impact on the interplay between yeast DNA polymerases
nd the ﬁdelity of DNA replication. Physiological in vivo data were
ompared with in vitro characteristics of the Pol Dpb2-100p com-
lex.2 POL3 strain; 95% conﬁdence intervals are shown in parentheses.
culated using non-parametric Mann–Whitney-U test).
Analysis of the Pol  complex puriﬁed from strains carrying
the dpb2-100 mutant allele showed an altered stoichiometry com-
paring to the wild type holoenzyme. Interestingly, the impaired
Pol Dpb2-100p complex had normal in vitro polymerase activity,
processivity and exonuclease activity. These data are consistent
with earlier results from yeast and H. sapiens cells, where puri-
ﬁed Pol2/Dpb3/Dpb4 complexes devoid of Dpb2p had biochemical
properties indistinguishable from those of the wild-type Pol 
[49,86].
In the in vitro gap-ﬁlling assay, when an imbalanced pool of
dNTPs was used, the Pol Dpb2-100p variant committed about 2 times
as many errors as did the wild type Pol . While statistically signif-
icant, the mechanism underlying this small reduction of in vitro
Pol  ﬁdelity may  be insufﬁcient to explain the observed strong
increase (∼16-fold) in mutation rate in vivo in the dpb2-100 rev3
strain. However, we cannot exclude that in the dpb2-100 strain the
impaired interactions of Pol  with other replisome components,
which are not present in the reaction in vitro, decrease the ﬁdelity
of replication in vivo.
As the in vitro results did not explain the strong in vivo mutator
effect of the dpb2-100 allele, we  decided to analyze the muta-
tion spectrum in vivo. All types of mutations (base substitutions,
indels and complex mutations) were markedly stimulated by the
dpb2-100 defect. The analysis of the mutation rates conﬁrmed an
increased participation of the error-prone Pol  in replication in
the dpb2-100 mutant [50]. However, even in the absence of Pol 
activity (in rev3 strains) the presence of the dpb2-100 allele was
strongly mutagenic, indicating that a signiﬁcant part of mutagene-
sis is Pol -independent.
To observe directly the mutations committed by Pol , we  ana-
lyzed the mutation spectra in strains lacking the proofreading
activity of Pol  (pol2-4) [77,78]. Both in the presence (REV3) and
in the absence (rev3) of Pol  activity, a strong synergistic effect
was observed for the rate of CanR mutations between the dpb2-100
and the pol2-4 defects. The comparison of the mutation speciﬁcity
and the relative error rates in the dpb2-100 rev3 and pol2-4 rev3
strains revealed that the strongest relative increase in mutagenesis
is observed for transversions. A strong synergistic mutator effect
observed for transversions in the triple mutant dpb2-100 pol2-4
rev3 as compared to pol2-4 rev3 and dpb2-100 rev3 suggests
that in the presence of the dpb2-100 allele the number of replication
errors is enhanced. These results indicate that both the dpb2-100
and pol2-4 alleles inﬂuence the mechanisms which compete for the
same replication errors.
The simplest explanation of the observed synergistic muta-
tor effect in the dpb2-100 pol2-4 rev3 strain is that Dpb2-100p
changes the ﬁdelity of Pol . However, there are limited data show-
ing the inﬂuence of the non-catalytic proteins of replisome on the
ﬁdelity of DNA polymerases [87–90].
The impaired interaction between Pol  and CMG  complex
in the dpb2-100 strain may  inﬂuence the ﬁdelity of the leading
strand by changing the functional interplay within the replisome.
From our data we cannot exclude that the increased number
of errors observed in the dpb2-100 rev3 strain is the result of
increased misinsertion rate or increased extension of errors by Pol
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. Interestingly, it was shown, in the Bacillus subtilis cells, that the
delity of DnaE polymerase is improved by primase and helicase
ia allosteric effects induced by direct protein–protein interactions
hat lower the efﬁciency of nucleotide mis-incroporation and/or
he efﬁciency of extension of mispairs [91].
It is worth noting that signiﬁcant differences in error rates were
bserved when the pol2-4 msh6 mutational spectra in vivo were
ompared with the exonuclease deﬁcient Pol  in vitro. Therefore,
t has been proposed that errors occurring during DNA synthesis by
ol  in vivo may  be prevented by an additional accessory protein
63].
Since the proofreading by Pol  itself is not compromised in the
utated variant of Dpb2p, as evident from our in vitro data, it is
ossible that other mechanisms responsible for increased errors
xtension or impaired errors removal (e.g. proofreading activity
f Pol ) do not operate sufﬁciently in the dpb2-100 strain (dis-
ussed below). Impairment of proofreading should result mainly in
he increase of transversions because it was shown that proofread-
ng corrects transversions more efﬁciently than transitions [63,92].
dditionally, Schaaper [93] has shown in the E. coli system that the
orrection efﬁciency by proofreading varies also among transver-
ions (the correction efﬁciency of AT → TA, AT → CG, GC → TA and
C → CG errors is 1540-, 290-, 140- and 60-fold, respectively).
nterestingly, similar pattern of transversions was observed in the
pb2-100 rev3 and in dpb2-100 pol2-4 rev3 strain (Table 5C).
In vitro studies [79,85] showed that the interaction of Pol 
ith the CMG  complex (Cdc45, Mcm2-7, GINS) is important for
elivering of Pol  to the leading strand. The authors proposed
hat through this interaction CMG  selects Pol  over Pol  for the
eading strand replication. The authors suggest that the interac-
ion of Dpb2p, the non-catalytic subunit of Pol  with Psf1p may
e responsible for selective delivery of Pol  to the leading strand.
ecently, we showed that Dpb2p not only interacts with the Psf1p
ut also with the Psf3 subunit [33]. Our two-hybrid analysis shows
hat mutation in the Dpb2 subunit signiﬁcantly impairs interaction
ith both Psf1 and Psf3 subunits of the GINS complex. Therefore,
e hypothesize that in the dpb2-100 strain, when the interaction
etween Pol  and GINS is weakened, the access of Pol  and Pol 
o the leading strand may  be increased. The increased participation
f Pol  on the leading strand in the dpb2-100 mutant may  explain
he synergistic mutator effect observed in the dpb2-100 pol3-5DV
ouble mutant. The issue whether Pol  can proofread errors made
y Pol  and/or by Pol  in the dpb2-100 strains needs to be further
nvestigated.
For many years, the contribution of individual polymerases
Pol  and Pol ) to the replication of the leading and lagging
NA strands has remained controversial. Numerous data sug-
ested that each polymerase replicates only one DNA strand
4,7,77,81,83,92,94–98], but results indicating that the replica-
ive polymerases can substitute for each other and participate
n the replication of both DNA strands were also presented
12,77,98–100].
Both the pol2-4 and pol3-01 mutations, inactivating the proof-
eading activity of Pol  and Pol , respectively, show a mutator
ffect [22,77,80]. Interestingly, a combination of the pol3-01 and
ol2-4 alleles results in a synergistic increase of the mutation rate
roviding a most compelling argument in favor of a cooperation
f these two polymerases in replication [77]. The observed syner-
ism suggests that the two 3′→5′ exonuclease activities compete
or replication errors committed by either polymerase. A strong
rgument for the ability of Pol  to replace Pol  is the fact that
n vitro replication of a plasmid with SV40 replication origin can
roceed in the presence of Pol  and Pol  alone, without participa-
ion of Pol  [101]. Additionally, yeast mutants carrying deletion of
he Pol  catalytic domain display severe growth defects [102] but
re not lethal, indicating that Pol  can be replaced by another DNAair 29 (2015) 23–35 33
polymerase [25]. Of course, the relationship between DNA poly-
merases and their proofreading is complex and the impact of other
processes affecting the ﬁdelity of replication must be considered as
well [103,104].
Someone may  speculate that the increased participation of Pol
 on the leading strand may  be responsible for the mutator phe-
notype of the dpb2-100 rev3 if the ﬁdelity of Pol  and Pol  is
not equal. Several data indeed suggest that the error rate of Pol  is
higher than Pol  [78,105–107]. Therefore, the increased participa-
tion of Pol  on the leading strand may  cause spontaneous mutator
phenotype.
How the Dpb2-100 mutant protein inﬂuences the ﬁdelity of
DNA replication still has to be investigated. We  believe that the
dpb2-100 mutant is an excellent tool to investigate participation of
particular DNA polymerases on the leading strand and its functional
relationship with other proteins of the replisome.
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